Platinum is widely used as a pressure calibration standard. However, the established thermal EOS has uncertainties, especially in the high P -T range. We use density functional theory to calculate the thermal equation of state of platinum, up to 550 GPa and 5000 K. The static lattice energy is computed by using the LAPW method, with LDA, PBE, and the recently proposed WC functional. The electronic thermal free energy is evaluated using the Mermin functional. The vibrational part is computed within the quasi-harmonic approximation using density functional perturbation theory and pseudopotentials. Special attention is paid to the influence of the electronic temperature to the phonon frequencies. We find that in overall LDA results agree best with the experiments. Based on the DFT calculations and the established experimental data, we develop a consistent thermal EOS of platinum as a reference for pressure calibration.
I. INTRODUCTION
Besides the room temperature isotherm, accurate thermal pressure (P th ) is needed to calibrate pressure in simultaneous high-pressure and high-temperature experiments. Experiments cannot easily determine P th over a wide temperature and volume range. 15 Consequently P th is often estimated by assuming it is linear in temperature and independent of volume. 1, 4 Theory can in principle do better. In quasi-harmonic approximation (QHA), DFT calculations give P th at any particular temperature and volume. It is desirable to combine the experimental data with DFT calculations, taking the advantages of both, and construct a more accurate thermal EOS for pressure calibration.
In this paper we have three goals: first is to check the accuracy of the theoretical EOS of platinum predicted by different exchange correlation functionals. In contrast with previous calculations, we find the room temperature isotherm computed with LDA lies below, and nearly parallel to the experimental compression data. The Fermi level of platinum lies in the d band and gives a very large density of state (DOS) N(E F ). Its vibrational frequencies are more sensitive to the electronic temperature than those of many other metals. A Kohn anomaly has been observed in platinum at 90 K. 16 It becomes weaker and finally disappears when the temperature increases. Thus our second goal is to discuss the electronic temperature dependence of vibrations (ETDV) and its influence on the thermal properties. Our last goal is to provide an accurate thermal EOS for pressure calibration. For this purpose we make corrections to the raw DFT results. We correct the room temperature Gibbs free energy G(P, 300 K) to ensure that it reproduces the experimental isotherm, then combine it with the DFT calculated temperature dependence to get G(P, T ). The thermal EOS and thermal properties deduced from the corrected Gibbs free energy are in good agreement with the known experimental data.
II. COMPUTATIONAL METHOD
The EOS of a material is determined by its Helmholtz free energy F (V, T ), which consists of three parts:
where U(V ) is the static energy of the lattice, F vib (V, T ) is the vibrational free energy, F ele (V, T ) accounts for the thermal excitation of the electrons. U(V ) is calculated by using the linearized augmented plane-wave (LAPW) method 17 and three different exchange-correlation functionals: LDA, Perdew-Burke-Ernzerhof (PBE), 18 and Wu-Cohen (WC).
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The 4f , 5s, 5p, 5d, 6s are described as valence states, others are treated as core states. The convergence parameter RK max is 10.0, and the muffin-tin radius R is 2.08 a.u.. A 16×16×16
Monkhorst-Pack 20 uniform k-grid is used and the integration over the whole Brillouin zone is done with the tetrahedron method. 21 All the calculations using LAPW are performed with and without spin-orbit effect.
In contrast with the static lattice energy U(V ), which is sensitive to the relaxation of the core states and requires a full-potential treatment, thermal excitations contribute to much smaller energy variations and mostly depend on the valence states. We use pseudopotentials to compute the thermal effects. An ultra-soft Vanderbilt pseudopotential 22 is generated from the reference atomic configuration 5s 2 5p 6 5d 9 6s 1 6p 0 , including non-linear core corrections.
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There are two projectors in the s channel, 5s and 6s; two in the p channel, 5p and an unbound p at 0.2 Ry above the vacuum level; one in the d channel, 5d. The local component is set in the f channel at the vacuum level. The cutoff radii for each channel s, p, d and local are 1.8, 1.9, 1.9 and 1.8 a.u., respectively. We use the scalar relativistic approximation and spin-orbit effect is not included. This pseudopotential reproduces the LAPW electronic band structure, both at the most contracted volume and the 0 GPa experimental volume.
We find pseudopotentials with different exchange-correlation functionals yield very similar electronic band structures for platinum, and we use LDA to compute all the thermal effects.
We consider 20 different volumes, with lattice constants from 7.8 to 6.2 a.u.(17.58Å 3 to 8.83Å 3 in volume). For each volume V i , we use LAPW to compute its static energy U(V i ) and the LDA pseudopotental to evaluate its thermal free energy F vib (V i , T ) and F ele (V i , T ).
is treated within QHA with phonon frequencies dependent on electronic temperature (denoted as eQHA) as
where ω q,j (V i , T ele ) denotes the phonon frequency computed at volume V i and electronic temperature T ele . In thermal equilibrium the system temperature T , the ionic temperature T ion , and T ele are equal. We distinguish these three temperatures to emphasis the temperature dependence of phonon frequencies come from different sources. Anharmonic phonon-phonon interactions cause phonon frequencies to depend on T ion , but they are omitted in QHA. Electronic thermal excitations disturb the charge distribution in the crystal and cause phonon frequencies depend on T ele . In the normal QHA used for insulators and some metals, this effect is also ignored and ω q,j has no temperature dependence (except through V (T ) 
, describes the correction caused by ETDV. To get ∆F ETDV at arbitrary temperature between 0-5000 K we fit a 4th
The final vibrational free energy is computed as Fermi-Dirac smearing. Similar to getting F vib (V i , T ), we first compute F ele at every 50 K from 50 K to 5000 K, then we fit them to a 4th order polynomial
Terms other than b 2 (V i )T 2 represent deviations from the lowest-order Sommerfeld expansion we compare our calculations with these previous ones whenever appropriate.
On the experimental side, The reduced isothermal P -V -T EOS from shock wave experiments are widely used as primary pressure scales. At present they are also the only experimental sources for P -V -T data at very high pressures. The shock Hugoniot of platinum was first obtained by using chemical explosives. 1 The reduced room temperature isotherm was up to 270 GPa. Holmes et al. 4 went to higher compression ratio using a two-stage light-gas gun. The final shock Hugoniot is a combination of these two sets of data. In spite of the crucial role of the reduced shock EOS, its accuracy suffers from low precision in measurements, and theoretical simplifications made in the reducing process. 10, 35 With the development of DAC and third-generation synchrotron light source, cross-checking different pressure scales became feasible. More accurate thermal EOS were obtained by using this method.
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Recently, Dorogokupets et al. 
IV. RESULTS AND DISCUSSIONS

A. Static Equation of State
Before studying the EOS at finite temperature, we examine the static EOS computed by using different exchange-correlation functionals, and compare them with previous calculations. Excluding the thermal effects (which amount to ≈ 2 GPa at room temperature)
helps to identify the origin of their differences. Platinum is a heavy element, and its electronic band structure is sensitive to spin-orbit effect. 40 We find inclusion of the spin-orbit effect increases the equilibrium volume, no matter which exchange correlation functional is used. This tendency has also been observed by Bercegeay et al. 34 in their pseudopotential calculations. However, the EOS parameters are not independent of each other. The variation of the equilibrium volume largely compensates that of the bulk modulus and the actual pressure difference is within 0.7 % at high pressures.
Using pseudopotentials instead of the all electron LAPW may introduce error in computing phonon frequencies, especially at high pressures. Since lattice vibrations are closely order BM EOS so the corresponding K ′′ 0 are not listed. to N(E F ) in the lowest-order Sommerfeld expansion. For smaller volumes, the electronic bands are more dispersive and N(E F ) decreases, as shown in Fig. 4(b) . ETDV diminishes accordingly. that the effects of anharmonic phonon-phonon interaction and electron-phonon interaction tend to cancel each other in these metals. Further work is needed to clarify this issue.
C. Room Temperature Isotherms
By fitting the total Helmholtz free energy at 300 K, we get the theoretical 300 K isotherms, as shown in Fig. 7 . Their parameters are listed in Table II . In the low pressure range, the LDA isotherm and the experimental data are almost parallel. As pressure increases, they start to merge. It seems LDA works better at high pressures. Regarding to EOS parameters, LDA gives equilibrium volumes closest to the experiments, WC yields closest bulk modulus (K 0 ) and the derivative of the bulk modulus (K ′ 0 ). Some people 8, 34 prefer to compare pressures from two EOS (labeled as EOS-I and EOS-II) at the same compression, 
D. Thermal EOS of Platinum for Pressure Calibration
In the previous sections the thermal properties of platinum is discussed from a pure theoretical point of view. We have computed the static lattice energy U(V ) using LAPW, and found spin-orbit interactions are not important in determining the EOS of platinum.
We have used QHA to calculate the vibrational free energy F vib (V, T ), and found including ETDV improves the agreement on the thermal properties. We have calculated the electronic free energy F ele (V, T ) using Mermin functional. The resulting thermal properties, e.g. the temperature-dependent part of the Gibbs energy ∆G(P, T ), are close to the experimental data at 0 GPa, The room temperature isotherm computed by LDA merges to the reduced shock data at high pressures, indicating LDA works better at high pressures.
Based on these DFT results and all the available experimental data, we try to construct a consistent P -V -T EOS of platinum up to 550 GPa and 5000 K. To reach this goal, first we need to include the physical effects which are missing in our original model. A phenomenological term 38 ∆F corr (V, T ) = − Having obtained accurate ∆G(P, T ), the next step is to get reliable G(P, 300 K). We choose the room temperature EOS developed by Dorogokupets et al. 36 as our reference below 100 GPa. It has been cross checked with other pressure scales, and is likely to be more accurate than the reduced shock data of Ref. 1 in this pressure range. On the other hand, extrapolating an EOS fitted at low pressures to higher range can be dangerous. We assume LDA works better at high pressures, and the difference between the exact (obtained in an ideal, very accurate experiment) and LDA isotherm approaches to zero as pressure increases.
We compare Dorogokupets's EOS
.547 in Vinet form). The volume difference between these two at each pressure ∆V (P ) = V expe,300 K (P )−V LDA,300 K (P ) is shown in Fig. 8 . Since ∆V (P ) decreases rapidly as pressure increases, we use exponentially decaying functions to fit and extrapolate. We correct the calculated room temperature Gibbs energy G LDA (P, 300 K) by setting G corr (P, 300 K) = G LDA (P, 300 K) + P 0 ∆V (P )dP . The isotherm derived from G corr (P, 300 K) coincides with Dorogokupets' EOS below 100 GPa. the upper limit of their fitting. Above 250 GPa, ∆V (P ) is almost zero, and the isotherm derived from G corr (P, 300 K) is the same as the uncorrected one. The uncertainty due to volume extrapolation in the intermediate region (100 GPa to 250 GPa) is estimated from bulk modulus to be less than 1 GPa. It is worth noting that the established EOS of platinum are quite quite similar to each other below 100 GPa, as shown in Fig. 7(b) . Choosing a different reference such as the one in Ref. 8 will only change the results near 100 GPa by 1 GPa.
We combine G corr (P, 300 K) with the temperature-dependent part of the Gibbs energy ∆G(P, T ), and get the corrected Gibbs energy G corr (P, T ) at temperature T . From G corr (P, T ) we derive all the other thermodynamical properties. Thermal properties like α, C P , S, which depend on the temperature derivatives of the Gibbs energy, are not affected by changing G(P, 300 K). In contrast, the isothermal bulk modulus K T and adiabatic bulk modulus K S will be influenced, as shown in Fig. 9 .
After corrections, both thermal expansivity and bulk modulus agree with the experiments well. We expect the product αK T to be accurate. Integrating αK T we get the thermal V 0 =15.123Å
3 . The thermal pressure is obtained from Mie-Grüneisen relation
In Ref. 4 , αK T is estimated to be 6.94 × 10 −3 GPa/K. Both values lie within the variation of the calculated αK T , as shown in Fig. 10(a) . We find that αK T (P th ) has noticeable volume dependence. At fixed temperature, it first decreases, reaches a minimum at about V /V 0 = 0.8, then increases. Such behavior originates in the pressure dependence of the thermal expansivity ( Fig. 5(b) ) and bulk moduli ( Fig. 9(b) ). This feature has also been observed in Ref. 36 , as shown in Fig. 10(b) . However it is missing in the previous ab initio calculation.
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Thermal Grüneisen parameter γ =
is an important quantity. Empirically it is often assumed to be independent of temperature. Its volume dependence is described by a parameter q= indicates that the temperature dependence of γ is small. The volume dependence of γ is shown in Fig. 11 Adding the thermal pressure to the room temperature isotherm, we get the thermal EOS of platinum, as shown in Table III . We compare our results with two DAC measurements in Fig. 12 . Within the error of the experiments, the agreement is reasonably good. For convenience of interpolation, parametric forms of the thermal EOS are listed in Table IV. The P -V -T thermal EOS we obtained are very similar to the one in Ref. 36 
below 100
GPa, This is expectable as we used the 300 K isotherm in Ref. 36 as the reference to 
At high temperatures, the equilibrium volume may exceed the largest volume we calculate. For better accuracy we fit the P -V -T data in three different pressure-temperature intervals: (1) 0-100 GPa and 0-2000 K, (2) 50-250 GPa and 0-3000 K, (3) 150-550 GPa and 0-5000 K. P 0 denotes the starting pressure of the corresponding interval. V 0 , K 0 , K ′ 0 , and K ′′ 0 are temperature dependent parameters, and are fitted to a 4th order polynomial a 0 + a 1 t + a 2 t 2 + a 3 t 3 + a 4 t 4 , where t=T /1000.
They have a formal correspondence to the usual 4th order BM EOS parameters, which are defined at P 0 = 0 GPa. correct the room temperature Gibbs energy, and the thermal properties calculated from both approaches agree well with the experiments. In this P -T range, the uncertainty of our EOS is comparable to the one in Ref. 36 . Above 100 GPa, the uncertainty is about 1.4 %, which is difference between the LAPW (LDA) and pseudo-1 static EOS. Other sources of error, e.g.
convergence uncertainty (0.5 %) and ignoring spin-orbit effect (0.7 %) are smaller effects. To check the accuracy of our thermal EOS at high pressures, we start from the corrected Gibbs energy and compute the theoretical Hugoniot by solving the Rankine-Hugoniot equation:
where E H (V, T ), P H (V, T ) are the internal energy, pressure at volume V and temperature 
V. CONCLUSIONS
In this paper, we report our calculations on the static and thermal EOS of platinum using DFT with different exchange correlation functionals. Contrary to previous reports, we find the room temperature isotherm computed with LDA lies below, and nearly parallel to the experimental compression data. We study the lattice dynamics of platinum within QHA, and find the electronic temperature dependence of vibrations plays a noticeable role in determining the thermal properties of platinum. Combining the experimental data with DFT calculations, we propose a consistent thermal EOS of platinum, up to 550 GPa and 5000 K, which can be used as a reference for pressure calibration.
